The pyridoxal phosphate-dependent 1-aminocyclopropane-1-carboxylate (ACC) synthase catalyzes the conversion of S-adenosyl-L-methionine (AdoMet) to ACC, and is inactivated by AdoMet during the reaction. L-Vinylglycine was found to be a competitive inhibitor of the enzyme, and to cause a time-dependent inactivation of the enzyme. The inactivation required the presence of pyridoxal phosphate and followed pseudo-first-order kinetics at various concentrations of L-vinylglycine. The Michaelis constant for L-vinylglycine in the inactivation reaction (K,,t) was 3.3 millimolar and the maximum rate constant (k,.,,.) was 0.1 per minute. These findings, coupled with the previous observations that the suicidal action of AdoMet involved a covalent linkage of the aminobutyrate portion of AdoMet to the enzyme, support the view that the mechanism-based inactivation of ACC synthase by the substrate AdoMet proceeds through the formation of a vinylglycine-ACC synthase complex as an intermediate.
Ethylene is a plant hormone, which regulates many aspects of plant growth and development (1) . It has been established that ethylene is biosynthesized in plant tissues from methionine through AdoMet2 and ACC, and the rate-limiting step in its biosynthesis is the conversion of AdoMet to ACC, catalyzed by ACC synthase (EC 4.4.1.14) (15) . ACC synthase in plant tissues turns over rapidly with a half-life of 0.5 to 2 h (5, 16) .
AdoMet, the substrate for ACC synthase, has been shown to act as an inactivator of ACC synthase in vitro (10, 11) . Since the half-life of ACC synthase in vitro was similar to that in vivo, it was suggested that the AdoMet-induced inactivation of the enzyme represented the first step leading to the rapid decrease of the enzyme activity occurring in plant tissues (10, 11) . Recently, we have shown that the mechanism-based inactivation of ACC synthase by AdoMet involves a covalent ' Supported by a Grant-in-Aid for Scientific Research (No. 63540524) from the Ministry of Education, Science and Culture of Japan to S. S. and by a research grant (PCM-8414971) from the National Science Foundation to S. F. Y.
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linkage of the enzyme with the 2-aminobutyrate portion of AdoMet during the autoinactivation process (12) .
ACC synthase requires PLP as a coenzyme, and the proposed reaction mechanism (8, 15, 17) involves the formation of a Schiff base between PLP-coenzyme and AdoMet, followed by an a,,y-elimination, yielding MTA and ACC; ACC is derived from the 2-aminobutyrate moiety of AdoMet.
Vinylglycine, a 3,-y-olefinic amino acid, has been shown to act as a mechanism-based inhibitor of a number of PLPutilizing enzyme, such as L-aspartate aminotransferase (4, 9), 1-amino acid aminotransferases (13) , and kynurenine aminotransferase (3). It is to be noted that some PLP-utilizing enzymes catalyze a &y,-elimination on a-amino acids, forming a w,y-unsaturated imine (vinylglycine-PLP coenzyme conjugate) intermediate (14) . We have speculated that this vinylglycine-enzyme complex, which is derived from ACC synthase-mediated #,By-elimination of AdoMet, may be so reactive that the vinylglycine fragment covalently links to the active site of ACC synthase, resulting in the inactivation of the enzyme. Ifthis hypothesis is correct, one may predict that exogenously applied vinylglycine may also be effective in inactivating ACC synthase. In this paper, we present evidence showing that L-vinylglycine causes the inactivation of ACC synthase in the presence of PLP, and propose a scheme for the mechanism-based inactivation ofthe enzyme by AdoMet. However, we noted that L-vinylglycine, an isomer of ACC, was also converted to ethylene upon treatment with the NaOCl reagent. Although the conversion efficiency for vinylglycine was very low (0.012%) as compared to that for ACC (exceeding 80%), it was necessary to correct this amount of ethylene produced from L-vinylglycine, when the enzyme reaction mixtures contained high concentrations of L-vinylglycine.
MATERIALS AND METHODS

ACC
Assay for Inactivation of ACC Synthase
To examine the inactivation of ACC synthase by test chemicals, the enzyme preparation was incubated with them at prescribed concentrations in 90 mM Hepes-KOH (pH 8.2) containing 5 gM PLP and 0.4 mg BSA (heated at 1000 C for 10 min before use) in a total volume of 0.4 mL at 30°C for specified periods. A 0. l-mL portion of the reaction mixture was withdrawn, passed through a column of Sephadex G-25 (bed volume 1 mL), which had been equilibrated with 40 mm Hepes-KOH (pH 8) containing 5 ,UM PLP and 0.5 mM 2-mercaptoethanol, and the eluate containing proteins was collected and assayed for ACC synthase activity. The addition of BSA greatly improved the recovery (about 80-90%) of ACC synthase protein eluted from the Sephadex G-25 column. In the experiment of Figure 2 , where the time course of inactivation ofACC synthase was examined, the volume ofreaction mixture was scaled up to 1.0 mL. When the effect of PLP on the inactivation of the enzyme was tested (Table I) , the partially purified enzyme preparation (100 units in 1 mL) was dialyzed against three changes of 1.5 L of 50 mm K-phosphate buffer (pH 8) containing 0.5 mM 2-mercaptoethanol and 10%
(w/v) glycerol over a week at 4C to remove PLP.
RESULTS AND DISCUSSION
Yu et al. (17) have previously reported that 10 Mm vinylglycine failed to inhibit the activity of ACC synthase extracted from tomato fruits. Amrhein and Wenker (2) showed that vinylglycine inhibited ethylene production by mung bean hypocotyls, although its I50 was calculated to be as high as 10 mm. These previous observations suggest that ACC synthase activity may be inhibited by L-vinylglycine at high concentrations. Indeed, 2.5 mM L-vinylglycine exerted significant inhibition on ACC synthase activity. Lineweaver-Burk plots ( Fig.  1) revealed that L-vinylglycine inhibited ACC synthase activity competitively with respect to AdoMet. The Km for AdoMet was calculated to be 17 Mm, and the K1 for L-vinylglycine, 1.3 mm. Since the commercial AdoMet preparation used in this study contained in addition to the enzymatically active (-)-diastereomer (12), the enzymatically inactive (+)-diastereomer of AdoMet, which was shown to act as a competitive inhibitor of ACC synthase with respect to (-)-AdoMet (6) , the true Km value for AdoMet would be lower than that estimated here. On the other hand, the Ki value for L-vinylglycine was probably underestimated, since we did not take into account the probably irreversible inactivation of ACC synthase by L-vinylglycine during the incubation. As will be shown in the following section, inactivation of the enzyme by L-vinylglycine is expected to become greater as the initial concentration of AdoMet decreases. Thus, the true Ki value (Table II) . While L-vinylglycine at 0.5 mM resulted in 64% inactivation after 1.5 h incubation, L-2-aminobutyric acid, Lallylglycine, or DL-propargylglycine at the same concentration caused no inactivation ofACC synthase. Rather, they resulted in 24 to 36% higher remaining enzyme activities as compared to the control. The nature ofsuch an increase in the remaining activity was unclear. These results, however, indicate that the vinyl group is an essential feature for the inactivation process.
The inactivation of ACC synthase by L-vinylglycine was dependent on the incubation time. Semilog plots for the process at various concentrations of L-vinylglycine were linear with time, demonstrating that the reaction followed pseudofirst-order kinetics ( Fig. 2A) . From the slopes of the semilog plots, the observed rate constants (kobj) at four concentrations of L-vinylglycine were obtained. A double-reciprocal plot of the observed rate constants for inactivation against the concentrations of L-vinylglycine is shown in Figure 2B . The Michaelis constant for L-vinylglycine in the inactivation of the enzyme (Kia,ct) was estimated to be 3.3 mm from the xintercept, and the maximum rate constant for inactivation (kmax) at saturating concentrations of vinylglycine was 0.1 min-' from the y-intercept. It is to be noted that the Kinact value of 3.3 mm for L-vinylglycine was in the same order of magnitude as its Ki value of 1.3 mM for the inhibition of ACC synthase activity. Thus, it is most likely that the inactivation of the enzyme takes place on the active site of the enzyme where L-vinylglycine binds, and that these two processes proceed through a common enzyme-vinylglycine complex. A nucleophilic attack by an active site nucleophile on the electrophilic e-carbon of the vinylglycine-enzyme complex could result in the alkylation of enzyme at the active site and consequently in enzyme inactivation.
The ACC synthase-catalyzed a,y-elimination on the methionine moiety of AdoMet yielding ACC is a very unique reaction, since the usual elimination reaction catalyzed by PLP enzymes on a-amino acids occurs via an a,fl-or #3,yelimination (14) . On the basis that PLP enzymes may catalyze a 3,By-elimination on a-amino acids forming a vinylglycine intermediate (14) , and the vinylglycine is effective in inactivating ACC synthase, we propose that the mechanism-based inactivation of ACC synthase by AdoMet proceeds via the formation ofa vinylglycine-enzyme complex, which is derived from the f3,y-elimination of AdoMet catalyzed by ACC synthase, as depicted in Figure 3 . This scheme accommodates our previous results that carboxyl, C-2 and C-3,4 moieties, but not the methyl moiety, of AdoMet are linked to the enzyme (12) . Previously we have determined the rate constant for the inactivation of ACC synthase by AdoMet to be 0.01 min-' (12) . The present study reveals that the rate constant (k3) for the inactivation by L-vinylglycine at saturating concentration is 0.1 min-', a value 10 times higher than that by AdoMet. If we assume that the inactivation of ACC synthase by AdoMet proceeds via the scheme depicted in Figure 3 namely from II to VI via V, it is evident that the rate-limiting step in the inactivating of ACC synthase by AdoMet must be the conversion of II to V, because the rate constant for the overall reaction of II to VI is 0.01 min-' (12) , whereas the rate constant for V to VI conversion (k3) is 0.1 min-'. Thus, the conversion of II to V must proceed with a rate constant (k2) of about 0.01 min-'. It should be noted that the partition ratio (k1/k2) between the a,y-elimination and the 3,,y-elimination is about 30,000. Thus, the 3,,y-elimination reaction is a very minor reaction catalyzed by ACC synthase. Although the km. value for the inactivation ofACC synthase by AdoMet is 10 times lower than that by L-vinylglycine, the affinity of the enzyme for AdoMet is nearly 100 times greater than that for L-vinylglycine based on their Michaelis constants. Thus, at low concentrations L-vinylglycine is less efficient as an inactivator of ACC synthase than AdoMet. A definite proof for such a scheme depicted on Figure 3 awaits the separation of the inactivated ACC synthase protein following inactivation with AdoMet or L-vinylglycine, and the determination of 2-aminobutyrate fragment from AdoMet or L-vinylglycine being covalently linked to the active site of the enzyme.
